The role of bacteria in the occasional emergence of red water, which has been documented worldwide, has yet to be determined. To better understand the mechanisms that drive occurrences of red water, the bacterial community composition and the relative abundance of several functional bacterial groups in a water distribution system of Beijing during a large-scale red water event were determined using several molecular methods. Individual clone libraries of the 16S rRNA gene were constructed for three red water samples and one sample of normal water. Beta-, Alpha-, and Gammaproteobacteria comprised the major bacterial communities in both red water and normal water samples, in agreement with previous reports. A high percentage of red water clones (25.2 to 57.1%) were affiliated with or closely related to a diverse array of iron-oxidizing bacteria, including the neutrophilic microaerobic genera Gallionella and Sideroxydans, the acidophilic species Acidothiobacillus ferrooxidans, and the anaerobic denitrifying Thermomonas bacteria. The genus Gallionella comprised 18.7 to 28.6% of all clones in the three red water libraries. Quantitative real-time PCR analysis showed that the 16S rRNA gene copy concentration of Gallionella spp. was between (4.1 ؎ 0.9) ؋ 10 7 (mean ؎ standard deviation) and (1.6 ؎ 0.3) ؋ 10 8 per liter in red water, accounting for 13.1% ؎ 2.9% to 17.2% ؎ 3.6% of the total Bacteria spp. in these samples. By comparison, the percentages of Gallionella spp. in the normal water samples were 0.1% or lower (below the limit of detection), suggesting an important role of Gallionella spp. in the formation of red water.
On occasion, extensive precipitation of iron oxides in drinking water distribution systems manifests as red water at the tap and results in serious deterioration of water quality, with undesirable esthetic and health effects (18, 40, 46) . The abundance of ferrous iron in source water or the acceleration of corrosion of iron pipelines after the loosening of chemical and microbial films from the interior surfaces of distribution systems might be the sources of iron oxides in red water. Switching of water sources has been observed to be associated with red water due to disruption of the delicate chemical equilibrium in water supply systems (18) . High concentrations of anions, particularly sulfate ions, have been recognized as a causative agent of red water in many cases, reflected in high values on indices such as the Larson-Skold index (18, 29) . Other physicochemical factors, such as insufficient disinfection residue, extended hydraulic retention time, low levels of dissolved oxygen, high temperature, low alkalinity, and high chloride concentration, have also been implicated in the emergence of red water (18, 46) .
In addition to physicochemical factors, microorganisms may also participate in the unique phenomenon of red water. Drinking water distribution systems are a unique niche for microorganisms, despite oligotrophic conditions and the presence of free or combined chlorine (3, 18) . Phylogenetically diverse bacterial groups can inhabit the bulk water or biofilms attached to pipes. Culture-based and independent analyses have revealed that members of the class Proteobacteria, including the Alpha-, Beta-, and Gammaproteobacteria, are typically the most abundant bacterial group in water distribution systems, followed by bacterial phyla such as Actinobacteria, Firmicutes, and Bacteroidetes (13, 38) . Bacteria inhabiting distribution systems mainly fill functions of diverse carbon source utilization and nitrification, as well as microbial corrosion (3) . Meanwhile, during periods of red water, abundant ferrous iron in the bulk water creates favorable conditions for the growth of bacteria in the distribution systems, as this iron scavenges residual chlorine and serves as an energy source for iron-oxidizing bacteria. Some neutrophilic iron oxidizers, such as Gallionella spp. and Leptothrix ochracea, which have occasionally been observed in association with red water events because of their distinct morphology, can promote the precipitation of iron oxides by converting ferrous iron to ferric iron (9, 46) . As very little energy can be generated during the oxidation of ferrous to ferric iron, a large quantity of iron needs to be oxidized to support the growth of lithotrophic iron oxidizers. It has been calculated that the ratio of iron to the weight of bacterial cell material could be up to approximately 450 to 500, assuming that the oxidation of ferrous iron provides the sole energy for the synthesis of cell material (9) . Emerson et al. have found that the oxidation rate of ferrous iron could be up to 600 to 960 nmol per h per cm 3 of mat material that contained up to 10 9 bacterial cells, most of which were iron oxidizers like Gallionella spp. and Leptothrix ochracea, and the oxidation rate of ferrous iron by iron oxidizers could be as high as four times that of dissolved oxygen (15) . These neutrophilic iron oxidizers have been even utilized to remove iron from groundwater by passage of preaerated water through sand filters during drinking water treatment (24, 36) . Thus, iron-oxidizing species might play an important role in red water events. With the exception of specific neutrophilic iron oxidizers (e.g., Gallionella spp. and Leptothrix ochracea), the whole microbial community composition in red water and the presence of potentially functional groups, including neutrophilic iron-oxidizing bacteria in red water, is poorly defined, possibly because the appearance of this unique phenomenon in real distribution systems is so irregular. To better understand the mechanisms that drive the emergence of red water, the bacterial community composition and the relative abundance of several functional bacterial groups in a water distribution system of Beijing during a large-scale red water event were determined using several molecular methods. The results of this comprehensive investigation of the biological component of red water will provide valuable information for those managing red water events in water distribution systems.
MATERIALS AND METHODS
Study site and sampling. Red water from a drinking water supply company occurred in large areas of Beijing, China, soon after 80% of the source water was switched in steps from local surface water to water from a neighboring province in late September, 2008. The percentage of water from the new source was soon decreased to approximately 30% after the appearance of red water. However, the phenomenon of red water still persisted for nearly 3 months. The water supply company has an average output of about 1.5 million m 3 of drinking water per day. Raw water undergoes conventional and enhanced treatments, including chemical precipitation and flocculation, sedimentation, coal and sand filtration, biological activated carbon filtration, and finally, chloramination. The drinking water distribution system was mainly made of cast iron pipes. Although the majority of the areas supplied by this company reported the phenomenon of red water, the water quality in some places was still quite normal, without perceptible color or turbidity. Forty-liter tap water samples were individually obtained in autoclaved glass bottles from four endpoints of the same distribution system, including three red water points, Z, J, and S, and a normal point, D, located in different downtown areas on 11, 18, 22, and 26 October 2008, respectively. The distance between different sampling points ranged from 1.0 km to 5.7 km. Finished water was also sampled from the waterworks. Water samples were kept at 4°C in darkness for at most 2 h before analysis. Twenty-liter water samples were used for water quality analysis, and the remaining 20-liter amounts were used for microbial analysis. The detailed water quality parameters analyzed and the ranges of values are listed in Table 1 .
Heterotrophic bacterium counts. To roughly estimate heterotrophic bacterium counts, the bacteria in 2 liters of the water samples were harvested on 0.22-mpore-size Millipore GSWP filters by filtration and subsequently resuspended from the filter surface with 2 to 10 ml of physiological saline by vortexing, and then 0.05-to 0.1-ml aliquots were inoculated onto LB agar medium. The plates were incubated aerobically at 37°C for 24 h to roughly determine heterotrophic bacterium counts according to the drinking water standards of China (GB5749-85 [34] ).
DNA extraction and PCR analysis. Bacteria from 3 liters of water of each sample were harvested by membrane filtration with 0.22-m-pore-size Millipore GSWP filters and then suspended in 10 ml of physiological saline. After centrifugation, DNA was extracted using a FastDNA spin kit for soil (Qbiogene, Solon, OH) facilitated with the FastPrep-24 bead beater system, following the manufacturer's instructions, and then quantified with a Nanodrop 1000 spectrophotometer (Thermo Scientific, Wilmington, DE).
Nearly the entire bacterial 16S rRNA gene was amplified using bacterial universal primers 27f and 1492r ( Table 2 ). The 16S rRNA gene fragment of ammonia-oxidizing bacteria (AOB) affiliating with the Betaproteobacteria was amplified using the primers CTO189fA/B, CTO189fC, and CTO654r. The first two forward primers were used in a 2:1 ratio as described before (26) . The partial dsrB gene of sulfate-reducing bacteria (SRB) was amplified with the primers DSRp2060f and DSR4r. The standard 50-l PCR mixture (Takara, Dalian, China) included 1ϫ PCR buffer containing 1.5 mM MgCl 2 , 200 M each deoxynucleoside triphosphate, 10 pmol each primer, 1.25 U of TaKaRa rTaq polymerase, and approximately 50 ng of template DNA. The PCR conditions for the amplification of the bacterial 16S rRNA gene using universal primers 27f and 1492r were as follows: 95°C for 10 min, followed by 30 cycles of 95°C for 1 min, 55°C for 1 min, and 72°C for 1 min 30 s and a final extension at 72°C for 15 min. For the amplification of AOB, the PCR conditions were 95°C for 10 min, followed by 35 cycles of 95°C for 1 min, 57°C for 1 min, and 72°C for 1 min and a final extension at 72°C for 10 min. The amplification conditions for SRB were the same as for AOB except that the annealing temperature was 55°C. PCR products were confirmed by electrophoresis in 1.2% (wt/vol) agarose gel.
Cloning and sequencing of 16S rRNA genes. Three separate reactions for the bacterial 16S rRNA gene using the universal primers 27f and 1492r were run for each sample to minimize PCR bias in subsequent cloning steps, and all PCR products of water samples from the same point were further pooled together. The amplification products were purified with a QIAquick PCR cleanup kit (Qiagen, Inc., Chatsworth, CA) and cloned into the TOPO TA cloning vector pCR2.1, with TOP10 Escherichia coli transformants further selected according to the manufacturer's instructions (Invitrogen). Cloned inserts were amplified from lysed colonies by PCR with plasmid vector-specific primers M13F and M13R under the same conditions as for the 16S rRNA gene listed above. Positive clones were sequenced with an ABI 3730 automated sequencer (Invitrogen, Shanghai, China).
Phylogenetic and statistical analysis. The detailed phylogenetic and statistical analyses were generally the same as described before (30) . DNA sequences were assembled with the Phred/Phrap/Consed package (www.phred.org), and possible chimeras were checked with Bellerophon version 3 (http://greengenes.lbl.gov/cgi -bin/nph-bel3_interface.cgi). The most similar reference sequences were retrieved from RDP and the GenBank database (1, 6) , and then phylogenetic trees were constructed using MEGA 4 (27) . The operational taxonomic unit (OTU) number was determined using DOTUR by defining the sequences sharing 97% or greater similarity as one OTU (42) . OTU richness values S Chao1 and S ACE , as well as the Shannon diversity index (H), were calculated using EstimateS version 8.0 (7). Evenness (E) indices were calculated as follows: E ϭ H/lnn, where n is a The ranges of values are shown. b R1 represents raw water before the switch to a new source of water; R2 represents the new source of water. The four sampling points (Z, J, S, and D) represent endpoints of the drinking water distribution system located in different downtown areas; samples were taken during the red water event. Inlet represents inlet water of the drinking water distribution system during the red water event.
c NTU, nephelometric turbidity units.
the number of OTUs. Coverage (C) was calculated as follows:
where n 1 is the number of OTUs that occurred once and N is the total number of clones (44) . Rarefaction curves were constructed using DOTUR. UniFrac computational analysis was performed to compare clone libraries from different sampling sites (32) . All statistical analyses were performed by using the SPSS version 16.0 release.
Primer and probe design and quantitative real-time PCR (qPCR).
All available 16S rRNA sequences of Gallionella cultured and as-yet-uncultured strains were retrieved from RDP release 10, Greengenes (10) , and the GenBank database. These sequences were added to the ARB database ssujun02.arb together with the sequences affiliated with this group in our study (33) . Possible TaqMan probes specific for Gallionella spp. were designed using the ARB probe design and probe match programs and Primer Express software version 3.0 (Applied Biosystems, Foster City, CA). The specificity of the probes was evaluated in silico with the Probe Match tool in RDP, ARB Probe Match Online, the Probe tool in Greengenes, and the BLAST search at the National Center for Biotechnology Information. The primers that were combined with the probes were designed using Primer Express software 3.0. Two sets of primers and probes for Gallionella bacteria were designed, including one set applicable for almost all Gallionella sequences available now and one set specific for partial sequences obtained from the red water of this study (Table 2) . A universal probe and primer set described before was used for the quantification of the total bacteria. The probes were 5Ј-end labeled with 6-carboxyfluorescein (FAM) as the reporter and 3Ј-end labeled with 6-carboxytetramethylrhodamine (TAMRA) as a quencher (Takara, Dalian, China).
qPCR was performed in a 25-l final reaction mixture volume consisting of 12.5 l of Premix Ex Taq (perfect real time) (Takara, Dalian, China), 0.5 l of 10 M forward and reverse primers, 1.0 l of 3 M TaqMan probe, 8.5 l of distilled water, 0.5 l of ROX reference dye (50ϫ), and 2.0 l of DNA template. PCR amplifications were carried out in 96-well optical plates on an Applied Biosystems 7300 qPCR system with 7300 SDS 1.4 software (Applied Biosystems) using the following protocols: 95°C for 30 s, followed by 45 cycles of 95°C for 30 s and 58°C for 40 s. Clones harboring 16S rRNA sequences of Gallionella spp. were selected, and the carried plasmids were used as standard template DNA for both Gallionella spp. and total Bacteria spp. after extraction with a Tianprep mini plasmid kit (Tiangen Biotech, China) and purification with a QIAquick PCR cleanup kit (Qiagen, Inc., Chatsworth, CA). Standard curves were generated with serial dilutions (10 to 10 8 copies per microliter) of the plasmids, and the threshold cycle values of unknown samples were plotted on the standard curves to determine the copy numbers of target sequences. All qPCRs were performed in triplicate.
FISH. The bacteria in 2 liters of the water samples were collected by filtration and resuspension as described above. Then, fluorescence in situ hybridization (FISH) was performed according to the standard procedures of Amann (2) . The Cy3-labeled probe NSO190 was applied to enumerate the target AOB group of Betaproteobacteria in red water samples. Samples were counterstained with 1 g/ml 4Ј,6-diamidino-2-phenylindole (DAPI) at 4°C in darkness for 5 min prior to microscopy. A negative control (lacking a probe) was prepared to monitor autofluorescence. Microscopy counts of hybridized and DAPI-stained cells were performed with an epifluorescence microscope (Axioskop2 mot plus; Zeiss, Germany) equipped with a cooled charge-coupled device camera (AxioCam MRm; Zeiss, Germany) by using the software provided by Zeiss (Axio Vision 4.1). The final results were determined from 20 views with a minimum of 50 cells per view counted.
Nucleotide sequence accession numbers. The 16S rRNA nucleotide sequence data from this study were deposited in the GenBank database under the accession numbers GQ388775 to GQ389207.
RESULTS
Water quality and total cell counts. Following the switch to a new water source in a water distribution system in Beijing, the new raw source water contained significantly higher concentrations of sulfate and chloride than the local source (Table  1) . After the appearance of red water, the water quality of the control samples (collected from point D) was similar to the effluent from the waterworks (inlet), with the exception of residual chlorine, which is normally consumed during the distribution process. In contrast, the red water samples (collected from points Z, J, and S) differed significantly in several respects from the control samples. The residual chlorine and dissolved oxygen (DO) levels were lower in the red water samples than in the controls (Mann-Whitney U test, P Ͻ 0.02). Turbidity, color, total iron, and dissolved iron levels were higher in the red water samples than in the control samples (Mann-Whitney U test, P Ͻ 0.03 for turbidity and total iron). The levels of turbidity, color, and total iron in the red water samples were above permissible levels according to the drinking water standards of China (GB5749-85). Other parameters, including pH, sulfate, chloride, and conductivity were not statistically different between red water and control samples (Mann-Whitney U test, all P Ͼ 0.4). The heterotrophic bacterium counts were Bacterial community composition. For each of the water samples (Z, J, S, and D), a 16S rRNA gene library was constructed. A total of 433 sequences were obtained and grouped into 200 OTUs. Possible chimeras were discarded. UniFrac metric analysis showed that the three red water bacterial communities (Z, J, and S) were more similar to each other than to the control bacterial community (D), and this result was confirmed by principal component analysis (data not shown).
Sequence analysis of clones derived from the control water samples (D) indicated that the majority (64.1%) were affiliated with the phylum Proteobacteria, including the classes Betaproteobacteria, Gammaproteobacteria, and Alphaproteobacteria, followed by the phyla Bacteroidetes (32.8%) and Actinobacteria (3.1%) ( Table 3 ). The bacterial genera that were identified were common residents of potable water distribution systems or fresh water and included Pseudomonas spp., Flavobacterium spp., Propionivibrio spp., Sphingomonas spp., Comamonas spp., Rhodoferax spp., Ferribacterium spp., Dyadobacter spp., and Pedobacter spp. One clone, D42, which was grouped into Rhodoferax spp., showed 97.6% similarity to R. ferrireducens type strain T118 (GenBank accession no. AF435948), and clones D14 and D48 within the genus Ferribacterium showed moderate similarity (94.0 to 97.2%) to F. limneticum type strain cda-1 (GenBank accession no. Y17060) (Fig. 1 ). These two species are both dissimilatory ferric iron reducers, which are a phylogenetically diverse group usually falling into the Gamma-and Deltaproteobacteria (31) .
The vast majority of the clones (93.5 to 99.3%) derived from the three red water samples were affiliated with the phylum Proteobacteria, primarily comprising the classes Alphaproteobacteria, Betaproteobacteria, and Gammaproteobacteria (Table 3). The remaining clones were classified into the phyla Bacteroidetes, Actinobacteria, and Planctomycetes, with only one clone grouped into each. The dominant bacterial group in the Z library was Betaproteobacteria (74.8% of all sequences), followed by Alphaproteobacteria (17.0% of all sequences). Similar results were observed for the S library, with Betaproteobacteria as the dominant class (46.7%), and Alphaproteobacteria as the second most abundant (20.6%). In the J library, Gammaproteobacteria was the dominant class (51.3%), with abundant Pseudomonas sequences, and the class Betaproteobacteria was the second largest group (33.9%). There were also 2 and 16 sequences of the J and S libraries, respectively, that aligned with the class Epsilonproteobacteria and were grouped into the sulfur-oxidizing genus Sulfuricurvum. Sulfur-oxidizing acidophiles could convert ferrous sulfide to sulfuric acid, releasing ferrous iron in the process, which in turn could be used by lithoautotrophic iron-oxidizing acidophiles, such as Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans (5, 20) . Two sequences of the S library were classified into the class Deltaproteobacteria, with one sequence, S112, further grouped into the sulfate-reducing genus Desulfovibrio. Sulfate-reducing bacteria are usually associated with anaerobic iron corrosion by producing hydrogen sulfide as a corrosive agent and consuming cathodic hydrogen or a hydrogen film on iron in aqueous solutions (11) . Overall, most of the bacterial genera in the three red water samples were also common residents of drinking water distribution systems, like Gallionella spp., Herbaspirillum spp., Sphingopyxis spp., Novosphingobium spp., Nevskia spp., Caulobacter spp., Hyphomicrobium spp., and Rhodocyclus spp.
There were several notable characteristics of the three red water libraries. The first was the abundance of sequences of the neutrophilic iron-oxidizing genus Gallionella (the phylogenetic details of these clones are shown in Fig. 2 ). The percentage of Gallionella sequences in the three red water libraries ranged from 18.7% to 28.6%. Second, 39, 2, and 13 sequences of the Z, J, and S libraries, respectively, (i.e., Z123, S1, and J78) (Fig.  1) were grouped into the family Rhodocyclaceae and showed various levels of similarity (92.9 to 98.2%) to the circumneutral, microaerobic, lithotrophic, iron-oxidizing bacteria Sideroxydans lithotrophicus strain ES-1 (GenBank accession no. DQ386264) and S. lithotrophicus strain LD-1 (GenBank accession no. DQ386859). Most of these clones (87.0%) also showed moderate similarity (94.1 to 97.1%) to Gallionella sp. clones MWE_N10 and A531 (GenBank accession no. FJ391503 and EU283473, respectively) ( Fig. 1) . Furthermore, four sequences in the Z and S libraries (including Z124 and S71; see Fig. 1 ) showed similarity (92.4 to 92.8%) to Acidithiobacillus ferrooxidans strain DSM 2392 and iron-oxidizing acidophile m-1 (GenBank accession no. AJ459800 and AF387301, respectively). One clone, D38 of the D library, was 96.0% similar to the anaerobic, denitrifying, iron-oxidizing bacterial strain BrG3 (GenBank accession no. U51103). Anaerobic oxidizers of ferrous iron, including anoxygenic phototrophic bacteria and several nitrate reducers coupling ferrous iron oxidation to nitrate reduction, have recently been isolated (12, 45) . Several clones related to the dissimilatory ferric iron-reducing bacteria were also identified. In the S library, one clone belonging to the genus Rhodoferax showed 94.7% similarity to R. ferrireducens type strain T118, and three clones showed high similarity (99.3%) to Ferribacterium limneticum type strain cda-1.
As shown in Table 4 , the Shannon diversity indices for all drinking water samples ranged from 3.15 to 4.02, comparable to those of river water or even soil (8, 19) . These results indicated that the bacterial species diversity was high in this oligotrophic potable water distribution system, although the bacterial genera were not so diverse in all red and normal water samples (Table 3) . Furthermore, despite the fact that drinking water samples from four different sampling points (Z, J, S, and D) were supplied by the same company, there were only 2 OTUs in common among the four samples, with approximately 50 or more bacterial OTUs obtained for each sampling point. Among the red water libraries, 6 OTUs were shared by all three, and 10 to 17 OTUs were shared by two of the three. Nearly a third of the shared OTUs were grouped into Gallionella spp.
Quantification of Gallionella bacteria. Because of the high percentage of Gallionella sequences in all three red water libraries, we developed a qPCR assay to investigate the detailed 16S rRNA gene copy numbers of Gallionella bacteria and the total Bacteria spp. in normal and red water samples. Two sets of primers and TaqMan probes were designed for the analysis. Probe GAL1p was specific for nearly all Gallionella sequences obtained from public databases and this study, whereas probe GAL2p was specific for approximately half of the Gallionella sequences obtained from this study (Fig. 2) . Based on qPCR using probe GAL1p, the 16S rRNA gene copy number of Gallionella spp. ranged from (4.1 Ϯ 0.9) ϫ 10 7 to (1.6 Ϯ 0.3) ϫ 10 8 copies per liter in red water samples Z, J, and S ( Table 5 ), indicating that the cell number of this genus had a magnitude of 10 7 to 10 8 per liter (25) . By comparison, in control samples taken from point D, the copy number reached 2.2 ϫ 10 4 per liter at its highest and, in several samples, was below the limit of detection (20 copies per liter). Using probe GAL2p, the 16S rRNA gene copy number of Gallionella bacteria ranged from (7) 8 (5) 16 (9) 5 (5) Nitrosomonadales Gallionellaceae Gallionella 42 (15) 27 (13) 20 (11) Burkholderiales Comamonadaceae Curvibacter
Actinobacteria Actinobacteria Actinomycetales Actinomycetaceae Actinomyces
Planctomycetes Planctomycetacia Planctomycetales Planctomycetaceae Unclassified 1 were 17.2 Ϯ 3.6%, 13.1 Ϯ 2.9%, and 17.1 Ϯ 2.6% for red water samples Z, J, and S, respectively, whereas in the control samples, the highest percentage obtained was 0.1%. These percentages, based on the qPCR results, were roughly concordant with the results obtained by sequence analysis of the clone libraries, in which Gallionella sequences accounted for 28.6%, 23.5%, and 18.7%, respectively, of all sequences in libraries Z, J, and S, whereas no sequences of this genus were present in the D library (Table 3) . Furthermore, the ratio of Gallionella copy numbers obtained using GAL1p versus GAL2p in all red water samples was 2.7 Ϯ 0.8, which was similar to the results of in silico matching of the clone libraries using the two probes (2.3 Ϯ 1.1). As shown in Fig. 3 , categorical principal component analysis of water quality parameters and 16S rRNA gene copy number of Gallionella bacteria (based on probe GAL1p) of all water samples from points Z, J, S, and D showed that the appearance of Gallionella bacteria correlated closely with total iron, dissolved iron, turbidity, and color and was negatively associated with residual chlorine and DO. These results were generally concordant with those of previous reports of conditions that favor the emergence of red water (18, 46) . A partial dsrB gene sequence of SRB was detected by PCR in all water samples (red water and normal samples; data not shown), whereas only two Deltaproteobacteria sequences were detected in all four libraries. The presence of AOB in all four water samples was confirmed by PCR, with the quantity of less than 1% of the total cells further determined by FISH (data not shown).
DISCUSSION
Several factors could have influenced the heterotrophic bacterium levels in this study, including the adoption of activated carbon filtration in the waterworks which could reduce nutrient levels in the drinking water, the inefficient extraction of bacterial cells from filter membranes before plating onto agar medium, and the presence of numerous large iron oxide particles which might absorb many bacterial cells. Distinct differences in the values of several physicochemical and microbial parameters were observed between the red water and the control water samples. The most notable microbial characteristic was the abundance of iron-oxidizing bacteria, particularly Gallionella bacteria, in the red water samples. Neutrophilic ironoxidizing bacteria like Gallionella spp. are difficult to obtain in pure culture, presumably because of the delicate requirement of DO and ferric iron concentrations in isolation (16) . As a result, the presence of Gallionella strains in various aquatic environments is usually determined morphologically, by virtue of their unique helical stalks with bean-shaped cells attached at the termini (21) . Using a gradient growth method, Gallionella strains have been obtained in pure culture (21) , which has facilitated the identification of this bacterial species in various environmental samples through constructing bacterial 16S rRNA gene clone libraries and phylogenetic analyses. As shown in Fig. 2, 16S rRNA gene sequences of Gallionella spp. from diverse niches, mainly aquatic environments such as springs, mineral water, mine water, groundwater, rivers, lakes, and drinking water facilities, have been identified. Gallionella as well as Leptothrix strains have occasionally been identified in red water but are rarely quantified under these conditions. The ratio of iron-oxidizing bacteria (Gallionella and Leptothrix strains) to total bacteria in a circumneutral iron seep was approximately 10%, based on the most probable number method (16) , which is comparable to the ratio of Gallionella spp. in red water in the current study, based on qPCR analysis using two sets of primers and probes specific for Gallionella spp. in aquatic samples. Gallionella bacteria in all three red water samples were significantly more abundant than in the control water samples, based on qPCR and sequence analysis of 16S rRNA libraries derived from each water sample, demonstrating the close relationship between this particular bacterial genus and the phenomenon of the red water event.
Many neutrophilic iron-oxidizing bacteria are still poorly defined due to the lack of pure cultures and nonspecific morphologies, e.g., many species in the Siderocapsaceae family (22, 23, 43) . A number of the sequences (1.73 to 26.5%) derived from the three red water libraries in the current study showed moderate similarity to both Sideroxydans strains and Gallionella sequences, suggesting that these sequences may be representative of novel circumneutral-pH, microaerobic, iron-oxidizing bacterial species within this particular water distribution system. A more definitive affiliation of these sequences awaits the availability of pure cultures of more ironoxidizing bacteria. Several clones appeared to be related to the iron-oxidizing acidophile Acidithiobacillus ferrooxidans and anaerobic, denitrifying, iron-oxidizing bacteria. In contrast, although Leptothrix ochracea strains are frequently observed in different iron-oxidizing environments (16) and this species of bacteria can grow actively in oxygen concentrations approaching 50% (4.2 mg/liter) of the ambient water (14) , no L. ochracea-related sequences were identified in any of the red water or control samples. Overall, the presence of Gallionella and many other iron-oxidizing bacterial sequences indicates that a highly diverse iron-oxidizing bacterial niche exists in this drinking water supply system. Previous studies have shown that iron-oxidizing bacteria are ubiquitous in drinking water supply systems (13, 39) . The abundance of ferrous iron in source water or the release of ferrous iron into the bulk water due to chemical corrosion of iron pipelines would provide a permissive environment for heavy growth of iron-oxidizing bacteria in the bulk water. In the current study, except for the possible ferrous iron in source water, high sulfate concentrations in the new water source would also lead to depletion of the uniform calcium carbonate scales on the interior surfaces of iron pipes with the formation of calcium sulfate, resulting in significant acceleration of chemical iron corrosion and the release of ferrous iron into the bulk water. In any case, high levels of Gallionella spp., as well as of other neutrophilic iron-oxidizing bacteria in the bulk water, could facilitate the precipitation of iron oxides by converting ferrous to ferric iron, thus contributing to the formation of a red water event. Control of these iron-oxidizing bacteria, therefore, might be important in mitigating the deleterious effects of red water events. It should be still noted that only one SRB clone, which is often associated with iron corrosion in water pipes, was identified in the water libraries. Furthermore, sequences of ferric iron reduction bacteria, such as Rhodoferax ferrireducens and Ferribacterium limneticum, were not very abundant in the red water samples. The lack of SRB and ferric iron reduction bacteria suggests that biocorrosion is not a major factor in the emergence of red water.
In the current study, we identified few clones that were related to human-health-associated bacterial genera, indicating that the presence of pathogenic organisms in red water may not be a significant issue. However, the exhaustion of residual disinfectant during red water events could promote the growth of certain opportunistic pathogens. Furthermore, disinfectants such as chloramines are not effective against iron-oxidizing bacteria (41) . Thus, proper disinfection measures should be considered both in terms of mitigating the effects of red water events and the overall microbial safety of drinking water (46) .
